Adverse events early in life, including maternal separation and social isolation, profoundly affect brain development and adult behaviour and may contribute to the occurrence of psychiatric disorders such as schizophrenia and mood disorders in genetically predisposed individuals. The molecular mechanisms underlying these environmentally induced developmental adaptations are unclear and best evaluated in animal paradigms with translational salience. In this study, we examined the effects in mice of maternal separation and/or social isolation for 6 h/d between postnatal days 15 and 21 on performance during adulthood in the open-field, social interaction, elevated plus-maze, forced swimming, Y-maze, novel object recognition, conditioned fear-learning, prepulse inhibition, and locomotor activity tests, to investigate whether this animal model could show the phenotypes for schizophrenia and mood disorders. The stress of maternal separation and isolation led to adult behavioural deficits, activation of the hypothalamicpituitary-adrenal axis, and decreases in the levels of norepinephrine and dopamine in the frontal cortex and metabolites of dopamine and serotonin in the amygdala, showing the involvement of endocrine and neuronal risk in behavioural deficits. The results suggest that the frontal cortex and amygdala undergo structural remodelling induced by the stress of maternal separation and isolation, which alters behavioural and physiological responses in adulthood, including anxiety, memory and other cognitive processes. Further, social isolation enhanced the behavioural dysfunctions induced by maternal separation. These findings indicate that maternal separation and social isolation early in life can lead to long-lasting abnormal behaviour and pathophysiological impairments including schizophrenia and mood disorders.
Introduction
The activity of neuronal circuitry is modulated at least by the endocrinological system (Haddad et al. 2002) and its disruption underlies mental disorders. Stress is known to activate the hypothalamic-pituitary-adrenal (HPA) axis (a major endocrinological system) and production of glucocorticoids by the adrenals, which trigger psychiatric conditions (Lupien et al. 2009 ; McEwen, 2007) . Receptors for these steroids are expressed throughout the brain, and can act as transcription factors and thereby regulate gene expression. Elevated corticosterone influences function of neurotransmission and induces behavioural changes (Dronjak & Gavrilovic, 2006 ; Fulford & Marsden, 1997 ; Lapiz et al. 2000 Lapiz et al. , 2003 Stranahan et al. 2006) . Further, glucocorticoids can have potentially long-lasting effects on the functions of the brain that regulate release of neurotransmitters (Lupien et al. 2009 ). Taken together, elevated corticosterone caused by severe stress, which acts as a mediator in the brain, regulates gene expression, affects function of neuronal circuitry, and induces behavioural deficits.
Although in rodents the postnatal period is relatively hyporesponsive to stress (Levine et al. 1994) , one of the most potent stressors for pups is separation and isolation from the dam. The rearing of rat pups from weaning in isolation, to prevent social contact with conspecifics, produces reproducible, long-term changes in (1) elevated horizontal locomotion and vertical rearing suggestive of an increased propensity to escape and consistent with neophobia in the openfield test, (2) impaired prepulse inhibition (PPI) index of sensorimotor gating in the PPI test, (3) increased aggression in the social interaction test, (4) cognitive rigidity in the water maze test, (5) reduced prefrontal cortical volume, and (6) decreased cortical and hippocampal synaptic plasticity as is common in psychiatric disorders, including schizophrenia and mood disorders (Fone & Porkess, 2008) . These changes are associated with hyperfunctional mesolimbic dopaminergic systems, hypofunctional mesocortical dopaminergic systems, enhanced serotonergic function in the nucleus accumbens, and attenuated serotonergic function in the frontal cortex and hippocampus (Fone & Porkess, 2008) . In mice, 24 h of maternal separation on day 4 or complete social isolation for 6 h/d between postnatal days (PD) 15 and 21 alters adult behaviour and neuroendocrinal responses (Frisone et al. 2002 ; Lehmann et al. 1999) . These findings clearly indicate that the pre-weanling period is a time of exceptional susceptibility to the effects of stress and that these effects can persist into adulthood (Noah, 2005) . Although isolation stress during the third week of life leads to lasting impairments in cognition and HPA axis activity, the effects of maternal separation during the third postnatal week, which is important for brain development, are not well known. Moreover, the effects of separation from littermates during this period on adult behaviour and neuroendocrinal responses have not yet been reported. In addition, the prolonged effects of maternal separation and social isolation are not clear.
In the present study, we examined the effects of maternal separation and/or social isolation for 6 h/d between PD 15 and 21 on performance during adulthood in the open-field, social interaction, elevated plus-maze, forced swimming, Y-maze, novel object recognition (NOR), conditioned fear-learning, PPI, and locomotor activity tests, to investigate whether this animal model could show the phenotypes for schizophrenia and mood disorders. To investigate the involvement of endocrinal and neuronal risk in behavioural deficits, levels of plasma corticosterone and of monoamines associated with these changes were examined. Finally, we examined the effects of clozapine, an atypical antipsychotic drug used in the treatment of psychiatric disorders, on the behavioural deficits induced by maternal separation and/or social isolation.
Materials and methods

Animals
Male C57BL/6J wild-type mice were obtained from Slc Japan (Japan). Animals were housed in plastic cages in a controlled environment [23¡1 xC, 50¡5 % humidity, 12-h light/dark cycle (lights on 08:00 hours)] with free access to food and water, except during behavioural experiments. All animal care and use was in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and Experimental Animal Care issued by the Japanese Pharmaceutical Society, and approved by the Institutional Animal Care and Use Committee of Meijo University.
Drug treatment
Clozapine (Sigma-Aldrich, USA) was dissolved in 0.3 % carboxymethyl cellulose sodium salt-saline and administered in a volume of 0.1 ml/10 g body weight. The mice were administered clozapine (3 mg/kg i.p.) or vehicle 30 min before behavioural tests or training.
Establishment of the animal model (Fig. 1a) On PD 15, maternally separated pups were removed from their dam and home cage and placed with littermates for 6 h/d, they were then returned to their home cage and dams except the control pups (Fig. 1 a) . At the same time, socially isolated pups were placed in isolation cubicles (12.5r20r11 cm) consisting of wire-topped opaque polypropylene walls for 6 h/d, and then returned to their home cage, dams and littermates (Fig. 1a) . Maternal separation and social isolation were performed between 10:00 and 16:00 hours daily between PD 15 and 21. On PD 22, pups were weaned. Socially isolated pups were kept in isolation cubicles until sampling after behavioural tests.
Four groups :
were established in the present study (Fig. 1 a) .
(21r32r13 cm) during the third postnatal week . In 'D(x),L(+)/L(+)', pups were separated from dams and group-housed with littermates in wire-topped clear plastic cages (21r32r13 cm) for 6 h/d (10:00-16:00 hours) between PD 15 and 21. In ' D(x),L(x)/L(+) ', pups were separated from dams and isolated from littermates in wire-topped opaque polypropylene cages for 6 h/d between PD 15 and 21. All pups in
were weaned on PD 22 and group-housed in wire-topped clear plastic cages until sampling after behavioural tests. In 'D(x),L(x)/L(x) ', pups were separated from dams and isolated from littermates in wire-topped opaque polypropylene cages for 6 h/d between PD 15 and 21 and were weaned on PD 22 and kept isolated in wire-topped opaque polypropylene cages until sampling after behavioural tests. (b) Effect of maternal separation and/or isolation on gain of body weight from 2 to 7 wk. Values indicate the mean¡S.E. (n=55-68 ; n=27-34 for males, n=22-36 for females).
opaque polypropylene cages (12.5r20r11 cm) for 6 h/d between PD 15 and 21. All pups in ', and 'D(x) , L(x)/L(+)' groups were weaned on PD 22 and group-housed in wire-topped clear plastic cages (21r32r13 cm) until sampling after behavioural tests.
. Pups were separated from dams and isolated from littermates in wire-topped opaque polypropylene cages (12.5r20r11 cm) for 6 h/d between PD 15 and 21 and were weaned on PD 22 and kept isolated in wire-topped opaque polypropylene cages (12.5r20r11 cm) until sampling after behavioural tests.
The effects of maternal separation during the third postnatal week were examined by comparing the data
The effects of separation from littermates during the third postnatal week were examined by comparing the data for
The effects of the period of isolation were examined by comparing the data for
There were four cohorts in the present study, with different mice used in each cohort. Open-field, social interaction, elevated plus-maze, and forced swimming tests were performed for cohort 1 (Fig. 2 and Table 1) . Y-maze, NOR, and conditioned fear-learning tests were performed for cohort 2 ( Fig. 3 and Table 2 ). The experimental orders were considered as shown in Fig. 2a for the emotional test and in Fig. 3 a for the learning and memory test, to avoid the effects of stressful tasks. Mice were subjected from the behavioural test with weak stress to that with strong stress. PPI was performed as cohort 3 (Fig. 4) . Cohort 4 was the locomotor activity test (Fig. 5 ). In the clozapine experiments, different mice were used in each behavioural experiment. The number of animals are indicated in the Figures.
Open-field test
The open-field test was performed as described previously (Miyagawa et al. 1998) . The open-field consisted of a square area with grey walls (50r50r50 cm high) and set in a dark, sound-attenuated room. The floor of the field was divided into 36 identical squares so that ambulation could be measured. A light (100 W) was positioned 100 cm above the centre of the floor of the apparatus. Each mouse was placed in one corner of the open field and allowed to freely explore the environment for 10 min. During this time, ambulation was measured by counting the number of times that the animal crossed from one square to another. The number of ambulation, rearing, and grooming events was also measured by videotape recording.
Social interaction test
The apparatus used for the social interaction test consisted of a square open arena (25r25r30 cm) with no top, made of grey non-reflecting acrylics, illuminated with lamps that could not be seen by the mice directly. The light was diffused to minimize shadows in the arena. Each mouse was placed alone in the test box for 10 min on two consecutive days before the social interaction test. On test day, the mouse was randomly assigned a same-gender, 7-wk-old C57BL/6J mouse in different home cage as an unfamiliar partner. The mouse and unfamiliar partner were placed in this box for 10 min. The duration of social interaction (sniffing, grooming, following, mounting, and crawling except for aggressive behaviour) were measured by stopwatch and recorded by videotape. It must be emphasized that passive contact (sitting or lying with bodies in contact) was not included in the social interaction time (File & Hyde, 1978 ; Tsunekawa et al. 2008) .
Elevated plus-arm maze test
The elevated plus-maze consisted of two open arms (25r8r0.5 cm) and two closed arms (25r8r22 cm) emanating from a common central platform (8r8 cm) to form a plus shape (Lister, 1987) . The entire apparatus was elevated to a height of 50 cm above floor 
Forced swimming test
A mouse was placed in a transparent glass cylinder (8 cm diameterr20 cm high), containing water at 22-23 xC to a depth of 15 cm, and forced to swim for 10 min. The duration of immobility was measured using digital counters with infrared sensors (Scanet MV-10 AQ ; Merquest) . Immobility time was calculated as follows : 600 s -swimming time (s)=immobility time (s).
Spontaneous alternation in the Y-maze test
The Y-maze test was performed as described previously with minor modifications. The maze was made of grey painted wood ; each arm was 40 cm long, 12 cm high, 3 cm wide at the bottom, and 10 cm wide at the top. The arms converged at an equilateral triangular central area that was 4 cm at its longest axis. Each mouse was placed at the centre of the apparatus and allowed to move freely through the maze during an 8-min session with videotape recording. Alternation was defined as successive entries into the three arms on overlapping triplet sets. (14) Dam(-), littermates(-)/littermates(+) (13) Dam ( Alternation behaviour ( %) was calculated as the ratio of actual alternations to possible alternations, defined as : (number of arm entries -2)r100.
NOR test
The NOR test was performed as described previously (Mouri et al. 2007 ) with minor modifications. The experimental apparatus consisted of a Plexiglas openfield box (30r30r35 cm), with the floor covered in sawdust. The test procedure consisted of three sessions : habituation, training, and retention. Each mouse was individually habituated to the box, with 10 min of exploration in the absence of objects each day for three consecutive days (habituation session). On day 4, two novel objects were symmetrically fixed to the floor of the box, 8 cm from the walls, and each animal was allowed to explore the box for 10 min (training session). The objects were different in shape and colour, but similar in size. An animal was considered to be exploring the object when its head was facing the object or it was touching or sniffing the object. After training sessions, the mice were immediately returned to their home cages. Next the animals were returned to the same box with one of the familiar objects from the training session and one novel object 24 h after the training sessions. The animals were allowed to explore freely for 10 min and the time spent exploring each object was recorded by videotape.
Contextual and cued fear-conditioning tests
The fear-conditioning test was performed as described previously (Nagai et al. 2003) with minor modifications. For measuring basal levels of freezing response (pre-conditioning phase), mice were individually placed in the conditioning cage (25r31r11 high cm) for 2 min, then in a neutral cage (17r27r12.5 high cm) for 1 min. For training (conditioning phase), mice were placed in the conditioning cage, then a 15-s tone (80 dB) was delivered as a conditioned stimulus. During the last 5 s of the tone, a foot-shock of 0.6 mA was delivered as an unconditioned stimulus through a shock generator (Neuroscience Idea Co. Ltd, Japan). This procedure was repeated four times with 15-s intervals. Contextual and cued tests were performed 1 d after fear conditioning. For the contextual test, mice were placed in the conditioning cage and the freezing response was measured for 2 min in the absence of the conditioned stimulus. For the cued test, the freezing response was measured in the neutral cage for 1 min in the presence of a continuous-tone stimulus identical to the conditioned stimulus.
PPI test
The PPI test was performed as described previously (Niwa et al. 2010 ) with minor modifications. Acoustic startle and PPI responses were measured in a startle Mice were consecutively subjected to Y-maze (i), novel object recognition (ii), and conditioned fear-learning (iii, iv) tests. In the Y-maze test, spontaneous alternation behaviour was measured for 8 min (i). In the novel recognition test, exploratory preference was measured for 10 min (ii). The retention session was performed 24 h after the training session. In the conditioned fear-learning test, contextual and cued freezing times were measured for 2 and 1 min, respectively (iii, iv). ** p<0.01 vs.
Values indicate the mean¡S.E. (n=13-17 ; n=7-9 for males, n=4-9 for females).
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http://ijnp.oxfordjournals.org/ noise alone. The mouse was then subjected to 50 startle trials, each trial consisting of one of five conditions : (i) a 40-ms, 120-dB noise burst presented alone ;
(ii)-(iv) a pre-pulse (20-ms noise burst) that was 4, 8, or 16 dB above background noise (i.e. 74, 78, or 86 dB) followed, 100 ms later, by a 40-ms 120-dB noise burst ; 
n=13-17 (n=7-9 for males, n=4-9 for females). or (v) no stimulus (background noise alone), which was used to measure baseline movement in the chamber. Each of these five trial types [(i)-(v)] was repeated ten times in a pseudo-random order to give 50 trials. Percent PPI of a startle response was calculated as :
100x startle response on prepulse + startle pulse startle response on startle pulse r100:
Locomotor activity
To measure novel environment-, saline-, and methamphetamine (1 mg/kg i.p.)-induced locomotor activity, mice were placed in a transparent acrylic cage, and locomotion and rearing were measured every 5 min for 6 h (habituation session for 2 h, saline session for 2 h, methamphetamine session for 2 h) using digital counters with infrared sensors (Scanet SV-10, Merquest) as described previously (Niwa et al. 2007) Mice were subjected to novel environment-, saline-, and methamphetamine-induced locomotor activity tests. Mice were habituated for 2 h in the box when novel environment-induced locomotor activity was measured (habituation session). Then, mice received one injection of saline 2 h after the habituation in a transparent acrylic cage and were returned to the cage for 2 h to measure saline-induced locomotor activity (saline session). Methamphetamine (1 mg/kg i.p.)-induced locomotor activity was measured after the saline session for an additional 2 h (methamphetamine session). ** p<0.01, * p<0.05 vs.
Values indicate the mean¡S.E. (n=9-13 ; n=3-6 for males, n=3-7 for females).
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http://ijnp.oxfordjournals.org/ with minor modifications. Mice were habituated for 2 h in the box when novel environment-induced locomotor activity was measured (habituation session). Then, mice received one injection of saline 2 h after the habituation in a transparent acrylic cage and were returned to the same cage for 2 h to measure salineinduced locomotor activity (saline session). Methamphetamine (1 mg/kg i.p.)-induced locomotor activity was measured after the saline session for an additional 2 h (methamphetamine session).
Levels of plasma corticosterone
Blood was collected from the carotid arteries. Collected blood was centrifuged at 1000 g for 15 min at 4 xC to obtain the plasma. The time-point of blood collection was 1 d after the behavioural tests and was conducted between 09:00 and 11:00 hours. Plasma corticosterone levels were determined using a commercially available enzyme immune assay kit (Cayman Chemical Company, USA).
Concentrations of monoamine and their metabolites
The timing of the brain dissections was 24 h after the behavioural tests. The mice were sacrificed by decapitation, and brains were immediately removed. The frontal cortex, nucleus accumbens, striatum, hippocampus, amygdala, and cerebellum were rapidly dissected out on an ice-cold plate. All dissections were conducted according to the atlas of Franklin & Paxinos (1997) . Each tissue sample was frozen quickly and stored in a freezer at x80 xC until assayed. The levels of norepinephrine (NE), dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 5-hydroxytryptamine (5-HT), and 5-hydroxyindoleacetic acid (5-HIAA), were determined using a high-performance liquid chromatography (HPLC) system with an electrochemical detector (Eicom, Japan), as described by Miyamoto et al. (2001) . Briefly, each frozen brain sample was weighed and homogenized with an ultrasonic processor in 350 or 175 ml of 0.2 M perchloric acid containing isoproterenol as an internal standard. The homogenate was placed in ice for 30 min and centrifuged at 20 000 g for 15 min at 4 xC. The supernatant was mixed with 1 M sodium acetate to adjust the pH to 3.0 and injected into an HPLC system equipped with a reversed-phase ODS column (Eicompak SC-5ODS Q3.0 mmr150 mm ; Eicom) and an electrochemical detector. The column temperature was maintained at 25 xC, and the detector potential was set at +750 mV. The mobile phase was 0.1 M citric acid and 0.1 M sodium acetate (pH 3.5), containing 17 % methanol, 190 mg/l sodium-L-octanesulfonate and 5 mg/l EDTA, and the flow rate was set at 500 ml/min.
Statistical analysis
All data were expressed as the mean¡S.E. Statistical differences between two groups were determined with Student's t test. Statistical differences among three groups or more were determined using a one-way analysis of variance (ANOVA), two-way ANOVA, and an ANOVA with repeated measures, followed by Bonferroni's multiple comparison test ; p<0.05 was regarded as statistically significant.
Results
Establishment of animal models for maternal separation and/or social isolation
Mice in the present study experienced the stress of isolation daily from the third postnatal week (Fig. 1 a) . This period follows the stress hyporesponsive period (PD 4-14) during which pups exhibit blunted endocrine responses to mild stressors (De Kloet et al. 1988 ; Levine et al. 1994) . The third postnatal week may be an especially vulnerable period of development with respect to the effects of stress. Behavioural tests were performed from 7 wk. There were no significant differences in gain of body weight among the groups [ 
] from 2 to 7 wk (Fig. 1 b) .
Effects of maternal separation and/or isolation on performances in the open-field, social interaction, elevated plus-maze, and forced swimming tests
To investigate the effects of social isolation on general behaviour in adulthood, an open-field test was performed ( Fig. 2 a) , in which the conflict between the drive to explore a new environment and a natural aversion to illuminated open areas was used to examine anxiety (Yamada et al. 2000) . Fig. 2 b(ii) ]. The stress of social isolation during the third postnatal week leads to a lack of the normal habituation following placement in a novel arena, characterized by motor activity, due to less time spent resting. Moreover, this lack was potentiated by the extent of isolation.
Next, we observed social interaction in this model (Fig. 2 a) . The social interaction test has been used as a test of anxiety (Lee et al. 2005) .
, suggesting impaired habituation to an unfamiliar intruder [ Fig. 2 b(v) , one-way ANOVA : F 3,51 =22.287, p<0.01]. Maternal separation and/or social isolation during the third postnatal week leads to social deficits in adulthood, indicating that this period is important for social interaction later in life. Moreover, deficits of social interaction are potentiated by long-term isolation rearing.
To further evaluate emotional changes, mice were subjected to the elevated plus-arm maze test (Fig. 2 a) .
The percentages of open-arm entries were signifi- Fig. 2 b(vii) , one-way ANOVA : F 3,51 =9.347, p<0.01], while the time spent in total arms did not differ among the four groups (data not shown). Social isolation during the third postnatal week leads to emotional deficits in adulthood, indicating that this period is important for the control of emotion.
We also investigated the emotional changes in this model by assessing performance in the forced swimming test (Fig. 2a) . As shown in Fig. 2 b( 
showed a significant increase of immobility compared to ' D(+),L(+)/L(+) ', suggesting that social isolation from 2 to 7 wk led to a state of decreased volition which affected adaptation to stress [ Fig. 2 b(viii) , one-way ANOVA : F 3,51 =7.465, p<0.01].
Since similar results were obtained for both males and females in the open-field, social interaction, elevated plus-maze, and forced swimming tests (Table 1) , we combined the data in Fig. 2 b. Effects of maternal separation and/or isolation on performances in the Y-maze, NOR, and conditioned fear-learning tests To evaluate short-term memory in this model, we used the Y-maze (Fig. 3a) . There were no significant differences in the number of arm entries among the four groups (data not shown), suggesting that all mice had similar levels of motivation and curiosity. However, 'D(x),L(x)/L(+)' and 'D(x),L(x)/L(x)' showed significantly reduced spontaneous alternation behaviour in the Y-maze test compared to ' D(+),L(+)/ L(+) ', indicating that social isolation stress leads to an impairment of short-term memory [ Fig. 3 b(i) , one-way ANOVA : F 3,56 =7.946, p<0.01]. Social isolation during the third postnatal week led to deficits of short-term memory in adulthood, indicating that this period is important for the maintenance of short-term memory.
We evaluated visual recognition memory in this model using the NOR test (Fig. 3 a) . During the training session, there were no significant differences in exploratory preference between the two objects [ Fig. 3 b(ii) , four left-hand columns] and the total time spent exploring both objects among the four groups, suggesting that all mice had the same levels of motivation, curiosity, and interest in exploring novel objects. However, for the retention session, the levels of exploratory preference for the novel objects in Fig. 3 b(ii) , one-way ANOVA : F 3,56 =15.15, p<0.01, four right-hand columns]. These results suggest that maternal separation and/or isolation, even in the third postnatal week only, impaired visual working memory. Moreover this impairment is promoted by long-term isolation rearing.
To further investigate the effects of maternal separation and/or isolation on learning and memory, cued and contextual fear-conditioning tests were performed (Fig. 3 a) . In the pre-conditioning phase (training), mice showed less of a freezing response. There were no differences in the basal levels of freezing response among the four groups (data not shown). The contextual and cued-dependent tests were performed 24 h after the conditioning test (Fig. 3a) . http://ijnp.oxfordjournals.org/ suggest that maternal separation and/or isolation, even in the third postnatal week only, impaired learning and memory. Moreover this impairment is promoted by long-term isolation rearing.
Since similar results were obtained for both males and females in the Y-maze, NOR, and conditioned fear-learning tests (Table 2) , we combined the data in Fig. 3 b.
Effects of maternal separation and/or isolation on performance in the PPI test
To further investigate the effects of sensory gating function, PPI tests were performed (Fig. 4 a) . PPI reflects sensory gating function, a major indicator of information processing involving the cortex, which is also frequently impaired in mental illnesses (Arguello & Gogos, 2006) . There were no significant differences among the four groups in startle responses (data not (Fig. 4 b, one-way ANOVA : prepulse 74 dB, F 3,39 =2.331, p>0.05 ; prepulse 78 dB, F 3,39 =2.724, p>0.05 ; prepulse 86 dB, F 3,39 =4.579, p<0.01). These results suggest that maternal separation and isolation in the third postnatal week impaired sensory motor gating.
Effects of maternal separation and/or isolation on performances in the locomotor activity test
Next, in order to examine DA-associated behavioural deficits, we examined novelty-, saline-, and methamphetamine-induced hyperactivity in this model (Fig. 5 a) .
' displayed hypersensitivity to novelty and the administration of saline, compared to Fig. 5b ; repeatedmeasures ANOVA, housing-condition : F 3,39 =9.902, p<0.01 ; time : F 72,216 =43.108, p<0.01 ; housing-conditionrtime : F 216,2808 =1.690, p<0.01).
Effects of maternal separation and/or isolation on levels of plasma corticosterone and of monoamines and their metabolites Stress triggers the activation of the HPA axis, culminating in the production of glucocorticoids by the adrenals. Glucocorticoids can have potentially longlasting effects on the function of the brain regions that regulate their release (Lupien et al. 2009 ).
To examine whether maternal separation and/or isolation activates the HPA axis, we measured levels of plasma corticosterone. 'D(x),L(x)/L(x) ' showed significantly increased plasma levels of corticosterone compared to ' D(+),L(+)/L(+) ' (Fig. 6 a, one-way ANOVA : F 3,62 =8.863, p<0.01), suggesting that maternal separation and isolation from the third postnatal week leads to activation of the HPA axis and stressful conditions.
Next, we investigated the changes in levels of monoamines and their metabolites associated with deficits of behaviour. The levels of NE and DA in the frontal cortex of 'D(x),L(x)/L(x)' were significantly decreased, compared to those of ' D(+),L(+)/L(+)' (Fig. 6 b) . In the amygdala, the levels of the DA metabolite DOPAC and 5-HT metabolite 5-HIAA were (Fig. 6 b, one-way ANOVA ; frontal cortex, NE : F 3,24 =5.665, p<0.01 ; DA : F 3,24 = 5.655, p<0.01 ; amygdala, DOPAC : F 3,24 =4.202, p< 0.05 ; 5-HIAA : F 3,24 =4.638, p<0.05). There were no significant differences among the four groups in DA and serotonin turnover (data not shown). Moreover, no changes in other regions, such as the nucleus accumbens, striatum, hippocampus, and cerebellum were observed (data not shown).
The effects of clozapine on the behavioural deficits induced by maternal separation and/or social isolation Finally, we tested the effects of clozapine, an atypical antipsychotic drug, on the behavioural deficits induced by maternal separation and/or social isolation.
The dose of clozapine (3 mg/kg i.p.) used in these experiments was the maximal concentration that did not cause marked sedation in mice was administered acutely (Niwa et al. 2010) . As shown in Fig. 7 a, acute treatment with clozapine (3 mg/kg i.p.) significantly improved increased starting latency [ Fig. 7 a, two-way ANOVA, housing-condition : F 1,53 =43.425, p<0.01 ; drug : F 1,53 =8.707, p<0.01 ; housing-conditionrdrug : F 1,53 =10.649, p<0.01] ; ambulation [ Fig. 7 a(ii) , twoway ANOVA, housing-condition : F 1,53 =5.339, p< 0.05 ; drug : F 1,53 =8.339, p<0.01 ; housing-conditionr drug : F 1,53 =4.387, p<0.05] ; rearing behaviour [ Fig. 7a(iii) , two-way ANOVA, housing-condition : F 1,53 =8.880, p<0.01 ; drug : F 1,53 =7.925, p<0.01 ; housing-conditionrdrug : F 1,53 =1.521, p>0.05] ; and grooming behaviour [ Fig. 7a(iv) , two-way ANOVA, housing-condition : F 1,53 =3.403, p>0.05 ; drug : F 1,53 = 2.661, p>0.05 ; housing-conditionrdrug : F 1,53 =10.649,
Next, we examined whether maternal separation and social isolation-induced cognitive impairment was improved by clozapine. During the training sessions, there were no significant differences in exploratory preference between the two objects ( Fig. 7 b, four left-hand columns) and the total time spent exploring both objects among the four groups, suggesting that all mice had the same levels of motivation, curiosity, and interest in exploring novel objects.
As shown in Fig. 7 b, acute treatment with clozapine (3 mg/kg i.p.) significantly improved the cognitive impairment in 'D(x),L(x)/L(x) ', although it had no effect on performance in ' D(+),L(+)/L(+)' (two-way ANOVA, housing-condition : F 1,56 =27.332, p<0.01 ; drug : F 1,56 =2.635, p>0.05 ; housing-conditionrdrug : F 1,56 =6.649, p<0.05).
Moreover, we examined whether maternal separation and social isolation-induced dysfunction of sensory motor gating was reversed by clozapine. As shown in Fig. 7 c, acute treatment with clozapine (3 mg/kg i.p.) significantly improved the dysfunctional sensory motor gating in 'D(x),L(x)/L(x)', although it had no effect on performance in 'D(+), L(+)/L(+) ' (two-way ANOVA, housing-condition : F 1,56 =15.683, p<0.01 ; drug : F 1,56 =3.438, p>0.05 ; housing-conditionrdrug : F 1,56 =5.566, p<0.05). There were no significant differences among the four groups in startle responses (data not shown).
Discussion
Stress is an unavoidable part of human existence. Extreme forms of stress and chronic stress cause an abnormal mental state and affect behaviour, and are risk factors for psychiatric disorders such as schizophrenia and mood disorders (Fone & Porkess, 2008 ; Leonard, 2001) . From a clinical point of view, the critical period for schizophrenia is postulated to be early (pre-and peri-natal) and late (pubertal) in development (Ibi et al. 2010) . Severe and prolonged exposure to environmental stressors during periods of early development significantly influences the organization of several neuroendocrine systems (Noah, 2005) . Moreover, the effects of developmental manipulations can persist throughout the lifespan of an animal. A number of animal models of maternal separation and social isolation have been reported (Gardner et al. 2009 ; Wilber et al. 2009 ), but few reports have mentioned which developmental period is most critical for adult brain function and behaviour in relation to endocrine response and the formation of neuronal networks. The third postnatal week follows the stress hyporesponsive period (PD 4-14) when rat pups exhibit blunted endocrine responses to mild stressors (Noah, 2005) . Therefore, we selected this preweanling period for isolation in our model. In the present study, we examined the effects of maternal separation and/or social isolation for 6 h/d from PD 15-21 on performance in the open-field, social interaction, elevated plus-maze, forced swimming, Y-maze, NOR, conditioned fear-learning, PPI, and locomotor activity tests. Moreover, to investigate the involvement of endocrine and neuronal risks in behavioural deficits, we examined the levels of plasma corticosterone and of monoamines associated with these changes of behaviour.
In our stress model, concentrations of plasma corticosterone in isolated mice were significantly increased compared to control levels. Social isolation stress, caused by abolished social interaction among animals, has been reported to induce behavioural changes as a result of elevated levels of circulating corticosterone (Stranahan et al. 2006) in rats and mice ; increased locomotor activity in a novel environment (Guo et al. 2004 ; Lapiz et al. 2003 ; Wilmot et al. 1986) , increased anxiety in an elevated plus-maze (Molina-Hernandez et al. 2001) , increased depressive-like behaviour in the forced swimming test (Brenes & Fornaguera, 2008) , and impaired learning and memory in the one-trial passive avoidance test (Chida et al. 2006) . Further, social isolation for 6 h/d during PD 15-21 was sufficient to cause an acute elevation of corticosterone levels, leading to an impairment of performance in the Morris water maze task when animals were tested on PD 22-24 (Frisone et al. 2002) . Additionally, several groups have reported that social isolation in early life significantly influences the function of NE (Dronjak & Gavrilovic, 2006 ; Fulford & Marsden, 1997 ; Lapiz et al. 2000 Lapiz et al. , 2003 , DA and 5-HT in the nucleus accumbens (Hall et al. 1998) , frontal cortex (Heidbreder et al. 2000) and hippocampus . Isolation rearing decreases DA turnover in the medial frontal cortex (Heidbreder et al. 2000) , which is similar to the hypofrontality seen in the schizophrenia (Fone & Porkess, 2008) . In the present study, we observed significant effects of stress induced by maternal separation and social isolation on NE, DA, DOPAC and 5-HIAA levels in the frontal cortex and amygdala. Furthermore, behavioural changes induced by social isolation are associated with changes in monoamine neurotransmission (Leonard, 2001 ; Roth et al. 1982) . For instance, post-weaning isolation stress alters the density of monoaminergic axons, particularly 5-HT axons, in the amygdala and increases immobility in the forced swim test in adolescence/early adulthood (Kuramochi & Nakamura, 2009 ). In the present study, we found that maternal separation and isolation induced behavioural impairments (increased starting latency, ambulation, rearing, and grooming behaviour in the open-field test, decrease in social interaction behaviour, decrease in percentages of entries and time spent in open arms in the plus-arm maze test, increase of immobility in the forced swimming test, decrease in spontaneous alternation behaviour in the Y-maze test, decrease in exploratory preference for novel objects in the NOR test, decrease in contextual-and/or cueddependent freezing response in the conditioned fearlearning test, decrease in sensory gating function in the PPI test, and potentiated methamphetamine-induced hyperlocomotion in the locomotor activity test). Effects of not only maternal separation but also social isolation from littermates in the third period, which is the pre-weanling period of exceptional susceptibility to the effects of stress, can persist into adulthood. Maternal separation and/or social isolation during the third postnatal week lead to behavioural deficits in adulthood, indicating that this period is important for social interaction later on in life. Moreover, these deficits of social interaction are potentiated by long-term isolation rearing. The maternal separation-and/or social isolation-induced behavioural alternations were accompanied by changes of monoamine neurotransmission which also resemble abnormalities seen in schizophrenia and mood disorders. A recent study using microarray analysis found abnormal expression of immediate early genes that regulate apoptotic genes and cell differentiation in the medial frontal cortex which correlated with the extent of hyperactivity in novel arena after 26 d isolation in a small group of six Sprague-Dawley rats (Levine et al. 2007) . Thus abnormal prefrontal cortex activity may be related to this behavioural alteration and such behaviour is potentially relevant to the positive symptoms seen in schizophrenia or 'anxiety ' accompanying depression. These findings suggest that maternal separation and isolation stress in early life cause prolonged physiological and behavioural changes until adulthood by altering neuronal and endocrine systems.
Thus, social isolation stress is considered a valuable paradigm for investigating the effects of chronic psychosocial stress on various pathophysiological changes in animals (Chida et al. 2006 ; Pibiri et al. 2008) .
The prefrontal cortex is crucial for recognition memory in the NOR test (Nagai et al. 2007 ). Accumulating evidence suggests that the dopaminergic system in the frontal cortex is involved in cognitive function. For instance, disruption of DA transmission in the frontal cortex by infusions of DA D 1 receptor antagonists or by excitotoxic lesions impaired the performance of object retrieval detour tasks, as well as delayed response tasks in non-human primates (Dias et al. 1996a, b ; Sawaguchi & Goldman-Rakic, 1991) . A recent study with functional magnetic resonance imaging has showed that a dysfunctional frontal cortex in schizophrenia patients is related to cognitive impairment (Tan et al. 2007) . Accordingly, cognitive impairment in mice in a schizophrenia model may be associated with deficits in DA transmission in the frontal cortex (Nagai et al. 2009 ). Moreover, studies in humans and animals have shown a relationship between alterations in NE brain system function and behaviours associated with depression and anxiety (Millan, 2006 ; Ressler & Nemeroff, 2000) . For example, the b 1 and b 2 adrenoceptors are known to participate in stress-related behavioural changes (Cecchi et al. 2002 ; Gorman & Dunn, 1993 ; Gurguis et al. 1999) and to mediate the effects of antidepressants (Holoubek et al. 2004 ; Stemmelin et al. 2008) . The frontal cortex and amygdala undergo stress-induced structural remodelling, which alters behavioural and physiological responses, including anxiety, aggression, mental flexibility, memory and other cognitive processes (McEwen, 2007) . The basolateral complex of the amygdala plays a significant role in affective behaviour that is probably regulated by afferents from the frontal cortex (Rosenkranz & Grace, 2001) . Taken together, the findings in the present study indicated that maternal separation and isolation stress in early life cause activation of the HPA axis and abnormalities in function of the dopaminergic, serotonergic and noradrenergics systems, which lead to behavioural deficits after puberty.
Finally, we found that clozapine, an atypical antipsychotic drug, completely improved the behavioural impairment induced by maternal separation and/or social isolation. Recently, we had reported that clozapine improved impairment to sensory motor gating and exploratory preference for novel objects in the NOR test by increasing the release of DA in the frontal cortex in mice in which DISC1 expression was knocked down in the frontal cortex by in-utero gene transfer, an animal model relevant to schizophrenia and mood disorders (Niwa et al. 2010) . The effect of clozapine on maternal separation and/or isolation was consistent with that of an in-utero gene transfer model. These findings are consistent with clinical evidence that clozapine is superior to typical neuroleptics in improving behavioural deficits in schizophrenia patients (Lee et al. 1999) . It has been reported that dopaminergic hypofunction in the frontal cortex is related to the cognitive dysfunction of schizophrenia patients (Kamei et al. 2006 ; Niwa et al. 2010 ; Okubo et al. 1997 ). Therefore we propose that the effect of clozapine is related to the enhancement of DA transmission in the frontal cortex.
In summary, taking effects in several behavioural and pathophysiological deficits into consideration, we propose that phenotypes shown in maternally separated and isolated mice could reflect those of psychiatric disorders including schizophrenia and mood disorders.
